In this talk I summarize main features of the vector manifestation (VM) which was recently proposed as a novel manifestation of the Wigner realization of chiral symmetry in which the symmetry is restored at the critical point by the massless degenerate pion (and its flavor partners) and the ρ meson (and its flavor partners) as the chiral partner. I show how the VM is realized in hot and dense QCD using the effective field theory of QCD based on the hidden local symmetry. §1. Introduction
§1. Introduction
It is a very interesting subject to study the phase structure of QCD and the change of hadron properties in hot and/or dense matter. [See, for reviews, e.g., Refs. 6), 7), 8), 9), 10), 11), 12) .] Especially, the light vector meson is important for analyzing the dilepton spectra in experimental facilities such as the BNL Relativistic Heavy Ion Colider (RHIC). In Refs. 13) and 8) it was proposed that the ρ-meson mass scales like the pion decay constant and vanishes at the chiral phase transition point in hot and/or dense matter (Brown-Rho scaling) .
Recently, in Ref. 1) , the vector manifestation (VM) was proposed as a novel manifestation of the Wigner realization of chiral symmetry in which the symmetry is restored at the critical point by the massless degenerate π (pion and its flavor partners) and ρ (ρ meson and its flavor partners) as the chiral partner, in sharp contrast to the traditional manifestationá la the linear sigma model where the symmetry is restored by the degenerate pion and the scalar meson. It was shown that the VM is realized in the large flavor QCD by using the hidden local symmetry (HLS) 14) , 15) model which is an effective field theory for π and ρ based on the chiral symmetry of QCD. Then, it was further shown that the VM can occur in the chiral restoration in hot QCD 2) and in dense QCD, 3) where an essential role was played by the intrinsic temperature and density dependences of the parameters of the HLS Lagrangian determined by extending the Wilsonian matching between the HLS and the underlying QCD 16) to the one in hot and dense matter. Moreover, several predictions from the VM in hot matter are made in Refs. 4), 5) .
In this talk I summarize main features of the VM, especially compared with the conventional manifestationá la the linear sigma model, and then show how the VM is realized in hot and/or dense matter by formulating the VM in the effective field theory for π and ρ based on the HLS. This report is organized as follows: In section 2, I summarize a difference between the VM and the conventional linear sigma model like manifestation in terms of the chiral representations of low-lying mesons. In section 3, I show the effective field theory of QCD based on the HLS and present the renormalization group equations for the parameters of the HLS Lagrangian. In section 4, I show the Wilsonian matching conditions which determine the intrinsic temperature and/or density dependences of the bare parameters of the HLS Lagrangian in terms of the parameters of the operator product expansion in QCD, and derive the constraints on the parameters at the critical point. Then, I show how the VM is realized in hot and dense matter in section 5. Finally, I give a brief summary in section 6. Several functions used in section 5 are summarized in Appendix A. §2. Vector Manifestation
In this section I briefly explain some features of the vector manifestation (VM). The VM was first proposed in Ref. 1) as a novel manifestation of Wigner realization of chiral symmetry where the vector meson ρ becomes massless at the chiral phase transition point. Accordingly, the (longitudinal) ρ becomes the chiral partner of the Nambu-Goldstone boson π.
The VM is characterized by
where F ρ is the decay constant of (longitudinal) ρ at ρ on-shell. This is completely different from the conventional picture based on the linear sigma model (I call this GL manifestation after the effective theory of Ginzburg-Landau or Gell-Mann-Levy.) where the scalar meson becomes massless degenerate with π as the chiral partner. Here, I discuss the difference between the VM and the GL manifestation in terms of the chiral representation of the mesons by extending the analyses done in Refs. 17), 18). Following Ref. 17) , I define the axialvector coupling matrix X a (λ) by giving the matrix elements at zero invariant momentum transfer of the axialvector current between states with collinear momenta as
where α and β are one-particle states with momentum p and q in 3 direction, λ and λ ′ are their helicities. The quantity E is defined by writing the condition of zero invariant momentum transfer as
3)
It was stressed 17) that the definition of the axialvector couplings in Eq. (2 . 2) can be used for particles of arbitrary spin, and in arbitrary collinear reference frames, including both the frames in which α is at rest and in which it moves with infinite momentum. As was done in Ref. 17) , considering the forward scattering process π a + α(λ) → π b + β(λ ′ ) and requiring the cancellation of the terms in the t-channel,
where T c is the generator of SU(N f ) V and f abc is the structure constant. It should be noticed that Eq. (2 . 4) tells us that the one-particle states of any given helicity must be assembled into representations of chiral SU(N f ) L × SU(N f ) R . Furthermore, since Eq. (2 . 4) does not give any relations among the states with different helicities, those states can generally belong to the different representations even though they form a single particle such as the longitudinal ρ (λ = 0) and the transverse ρ (λ = ±1). Thus, the notion of the chiral partners can be considered separately for each helicity. Let me consider the algebraic relation (2 . 4) for zero helicity (λ = 0) states and saturate it by low-lying mesons; the π, the (longitudinal) ρ, the (longitudinal) axialvector meson denoted by A 1 (a 1 meson and its flavor partners) and the scalar meson, and so on. It should be noticed that, in the broken phase of chiral symmetry, the Hamiltonian matrix defined by the matrix elements of the Hamiltonian between states does not commute with the axialvector coupling matrix. Then, the algebraic representations of the axialvector coupling matrix do not coincide with the mass eigenstates: There occur representation mixings. Actually, π and the longitudinal A 1 are admixture of (8 , 1)
where the experimental value of the mixing angle ψ is given by approximately ψ = π/4. 17), 18) On the other hand, the longitudinal ρ belongs to pure (8 , 1) ⊕ (1 , 8) and the scalar meson to pure (3 , 3 * ) ⊕ (3 * , 3). When the chiral symmetry is restored at the phase transition point, the axialvector coupling matrix commutes with the Hamiltonian matrix, and thus the chiral representations coincide with the mass eigenstates: The representation mixing is dissolved. From Eq. (2 . 5) one can easily see that there are two ways to express the representations in the Wigner phase of the chiral symmetry: The conventional GL manifestation corresponds to the limit ψ → π/2 in which π is in the representation of pure (3 , 3 * ) ⊕ (3 * , 3) together with the scalar meson, while the VM to the limit ψ → 0 in which the A 1 goes to a pure (3 , 3 * ) ⊕ (3 * , 3), now degenerate with the scalar meson in the same representation, but not with ρ in (8 , 1) ⊕ (1 , 8). Namely, the degenerate massless π and (longitudinal) ρ at the phase transition point are the chiral partners in the representation of (8 , 1)
In this section I show the effective field theory in which the vector manifestation is formulated. I should note that, as is stressed in Ref. 19) , the VM can be formulated only as a limit by approaching it from the broken phase of chiral symmetry. Then, for the formulation of the VM I need an effective field theory (EFT) including ρ and π in the broken phase which is not necessarily applicable in the symmetric phase. One of such EFTs is the model based on the hidden local symmetry (HLS) 14), 15) which includes ρ as the gauge boson of the HLS in addition to π as the NG boson associated with the chiral symmetry breaking in a manner fully consistent with the chiral symmetry of QCD. It should be noticed that, in the HLS, thanks to the gauge invariance one can perform the systematic chiral perturbation with including ρ in addition to π. 20), 21), 22), 16), 19) In subsection 3.1, I will explain the model based on the HLS, and then summarize the renormalization group equations for the parameters of the HLS Lagrangian in subsection 3.2.
Hidden Local Symmetry
Let me describe the HLS model based on the G global × H local symmetry, where where π denotes the pseudoscalar NG boson and σ * ) the NG boson absorbed into ρ µ (longitudinal ρ). F π and F σ are relevant decay constants, and the parameter a is defined as
where
where g is the HLS gauge coupling, and L µ and R µ denote the external gauge fields gauging the G global symmetry.
The HLS Lagrangian at the leading order is given by 14), 15)
where L kin (ρ µ ) denotes the kinetic term of ρ µ and
When the kinetic term L kin (ρ µ ) is ignored in the low-energy region, the second term of Eq. (3 . 4) vanishes by integrating out ρ µ and only the first term remains. Then, the HLS model is reduced to the nonlinear sigma model based on G/H. In Refs. 8), 12), it was pointed out that the quasiquark picture is appropriate near the phase transition point, and that quasiquark mass approaches zero. Then, following Refs. 3),4), I introduce the quasiquark field ψ near the critical point into the Lagrangian in addition to ρ and π. A chiral Lagrangian for π with the constituent quark (quasiquark) was given in Ref. 23 ). In Ref. 15 ) the quasiquark field ψ is introduced into the HLS Lagrangian in such a way that it transforms homogeneously under the HLS: ψ → h(x) · ψ where h(x) ∈ H local . In Ref.
3) the Lagrangian of Ref. 15 ) was extended to a general one with which a systematic derivative expansion can be performed. Since the model is introduced near the chiral phase transition point where the quasiquark mass is expected to become small, the quasiquark mass m q is counted as O(p). Furthermore, O(p) is assigned to the chemical potential µ or the Fermi momentum P F as well as to the temperature T , as the cutoff is considered to be larger than µ and T even near the phase transition point. By using this counting scheme the systematic expansion can be performed in the HLS with the quasiquark included. I should note that this counting scheme is different from the one in the model for π and baryons given in Ref. 24) 
where D µ ψ = (∂ µ − igρ µ )ψ and κ and λ are constants to be specified later.
Renormalization Group Equations
At one-loop level the Lagrangian (3 . 4) plus (3 . 6) generates the O(p 4 ) contributions including hadronic thermal/dense-loop effects as well as divergent effects. The divergent contributions are renormalized by the parameters, and thus the RGEs for three leading order parameters F π , a and g (and parameters of O(p 4 ) Lagrangian) are modified from those without quasiquark field. In addition, I need to consider the renormalization group flow for the quasiquark mass m q * ) . By calculating one-loop contributions for RGEs in an energy scale M for a given temperature T and chemical potential µ, the RGEs are expressed as 25), 3), 5)
where C = N f / 2(4π) 2 and
It should be noted that the point (g , a , m q ) = (0, 1, 0) is the fixed point of the RGEs in Eq. (3 . 7) which plays an essential role to realize the VM in the following analysis of the chiral restoration in hot and/or dense QCD. * ) The constants κ and λ will also run. The running will be small near the critical point, so I will ignore their running here. §4. Wilsonian Matching and Intrinsic Temperature/Density Dependence
The Wilsonian matching proposed in Ref. 16 ) is done by matching the axialvector and vector current correlators derived from the HLS with those by the operator product expansion (OPE) in QCD at the matching scale Λ. This was extended to non-zero temperature 2) and density, 3) and it was shown that the parameters of the HLS Lagrangian have the intrinsic temperature and/or density dependences. In this section I summarize the Wilsonian matching conditions and the resultant conditions (VM conditions) for the bare parameters of the HLS at the phase transition point.
In general there is no longer Lorentz symmetry in hot and/or dense matter, and the Lorentz non-scalar operators such asqγ µ D ν q may exist in the form of the current correlators derived by the OPE. [see, e.g., Ref. 26 )] However, we neglect these contributions since they give a small correction compared with the main term of the form 1 + αs π . In this approximation the axialvector and vector correlators in the OPE are expressed by the same form as used in Ref. 27 ) with putting possible temperature and/or density dependences on the gluonic and quark condensates:
where M Q is the renormalization point of QCD. Consistently with the approximation adopted for the above current correlators in the OPE, I use the Lorentz invariant form of the HLS Lagrangian. It should be noted that the quasiquark does not contribute to the current correlators at bare level. Then, the axialvector and the vector current correlators in the HLS around the matching scale Λ are well described by the same forms as those at T = µ = 0 with the bare parameters having the intrinsic temperature and/or density dependences:
The Wilsonian matching conditions are obtained by setting the above correlators to be equal to those in Eq. (4 . 1) at Λ up until the first derivative. Then the resultant forms of the Wilsonian matching conditions at non-zero temperature and/or non-zero density are expressed as * )
Through these conditions the dependences of the quark and gluonic condensates on the temperature and/or the chemical potential determine the intrinsic temperature and/or density dependences of the bare parameters of the HLS Lagrangian, which are then converted into those of the on-shell parameters through the Wilsonian RGEs. As a result the parameters appearing in the hadronic thermal/dense-loop corrections have the intrinsic temperature and/or density dependences: F π , a and g appearing there should be regarded as
where the parametric mass M ρ is determined from the on-shell condition:
Now, let me consider the Wilsonian matching near the chiral symmetry restoration point with assuming that the quark condensate becomes zero continuously for (T, µ) → (T c , µ c ). First, note that the Wilsonian matching condition (4 . 4) provides 8) which implies that the matching with QCD dictates even at the critical point where the on-shell π decay constant vanishes by adding the quantum corrections through the RGE including the quadratic divergence 25) and hadronic thermal/dense-loop corrections. 2), 3) Second, we note that the axialvector and vector current correlators G 1 , (4 . 11)
As in Refs. 8),12), I expect that the quasiquark mass vanishes at the chiral restoration point. Since m q = 0 itself is a fixed point of the RGE for m q in Eq. (3 . 7), (g, a, m q ) = (0, 1, 0) is a fixed point of the coupled RGEs for g, a and m q . Then, the VM conditions g = 0 and a = 1 obtained for the bare parameters remain intact in the low-energy region including the on-shell of ρ: 13) where the parametric ρ mass M ρ = M ρ (T, µ) is determined from the condition (4 . 7). The above conditions with Eq. (4 . 7) imply that the parametric mass M ρ (T, µ) also vanishes:
0 . (4 . 14) §5. Vector Manifestation in Hot and Dense Matter
In the previous section I have shown that the parametric ρ mass M ρ vanishes at the chiral restoration point due to the intrinsic temperature/density dependences obtained from the Wilsonian matching between the HLS and the OPE. For obtaining the pole mass of ρ, I need to included the hadronic thermal/dense-loop effects. So far, the hadronic thermal/dense-loop corrections were calculated for two cases; T > 0 with µ = 0 2), 5) and µ > 0 with T = 0. 3) In this section I summarize the resultant expressions of the hadronic thermal and dense loop corrections to the ρ pole mass in two cases, and then show how the vector manifestation (VM) is realized in hot and dense matter.
Vector meson mass in hot matter
In Ref.
2) the VM in hot matter was shown to take place by using the hadronic thermal correction from the π and ρ to the ρ pole mass calculated in the Landau gauge. 28) In Refs. 4),5), the background field gauge was adopted and the contribution from the quasiquark was included further. Here, following Refs. 4),5), I explain how the VM is realized in hot QCD.
I define pole masses of longitudinal and transverse modes of ρ from the poles of longitudinal and transverse components of the vector current correlator at rest frame. Hadronic thermal corrections from the π, ρ and quasiquark to the pole masses were calculated at one-loop level in Ref. 5) , and it was shown that, at the rest frame, the longitudinal pole mass agrees with the transverse one. The resultant expression for the ρ pole mass is obtained as 5)
where the explicit forms of the functions expressing the bosonic corrections [G 2(B) , J 2 1(B) andF 2 3(B) ] and fermionic corrections [J 2 1(F ) andF 2 3(F ) ] are listed in Appendix A. Now, let me study the ρ pole mass near the critical temperature. As shown in section 4, the intrinsic temperature dependences of the parameters of the HLS Lagrangian determined from the Wilsonian matching imply that the parametric ρ mass M ρ vanishes at the critical temperature. Furthermore, I expect that the quasiquark mass m q also vanishes as was shown in, e.g., Refs. 8), 12). Then, near the critical temperature I should take M ρ ≪ T and m q ≪ T in Eq. (5 . 1). By noting thatG
the pole mass of the vector meson at T ∼ T c becomes
This shows that the hadronic thermal effect gives a positive correction in the vicinity of a ≃ 1, and then the ρ pole mass is actually larger than the parametric mass M ρ . However, the intrinsic temperature dependences of the parameters obtained in section 4 lead to g → 0 and M ρ → 0 for T → T c . Then, from Eq. (5 . 3) it was concluded 2), 5) that the ρ pole mass m ρ vanishes at the critical temperature:
This implies that the VM is realized at the critical temperature.
Vector meson mass in dense matter
In this subsection, following Ref.
3), I briefly review how the VM is realized in dense QCD.
3) the pole masses of longitudinal and transverse modes of ρ is defined from the poles of longitudinal and transverse components of the vector current correlator at rest frame, and it was shown that the hadronic dense loop corrections from the quasiquark to them agree with each other at one-loop level. The resultant expression for the ρ pole mass is expressed as 6) which shows that the ρ pole mass m ρ is larger than the parametric mass M ρ due to the hadronic dense-loop correction. However, the intrinsic density dependences of the parameters derived from the Wilsonian matching in section 4 imply that g → 0 and M ρ → 0 for µ → µ c . Then, from Eq. (5 . 6), it was concluded 3) that the vector meson pole mass vanishes at the critical density:
This implies that the VM is realized at the critical density. §6. Summary
In this talk I first summarized a main feature of the vector manifestation (VM) proposed in Ref. 1) as a novel manifestation of Wigner realization of chiral symmetry in which the symmetry is restored at the critical point by the massless degenerate π (pion and its flavor partners) and ρ (ρ meson and its flavor partners) as the chiral partner, in sharp contrast to the traditional manifestationá la the linear sigma model where the symmetry is restored by the degenerate pion and scalar meson. Then, determining the intrinsic temperature and density dependences of the bare parameters of the Lagrangian of the hidden local symmetry (HLS) and including the hadronic thermal and dense loop corrections to the ρ pole mass, I have shown how the VM is realized in hot and dense matter. 2), 3), 4), 5) In this talk, I did not show the details of the calculations on the hadronic thermal and dense loop corrections which can be seen in Refs. 5) and 3)
In Refs. 2), 4), 5), based on the VM in hot matter, several predictions on the physical quantities were made: the value of the critical temperature is expressed in terms of the parameters in the OPE; 2) the vector susceptibility actually agree with the axialvector susceptibility at the critical temperature taking non-zero value; 4) the velocity of π approaches the speed of light near the critical temperature; 4) the vector dominance of the electromagnetic form factor of pion is largely violated at the critical temperature; 5) and so on. I did not present those interesting results in this talk due to the lack of time. The functions appearing in the hadronic dense loop correction from the quasiquark to the ρ pole mass are given bȳ 5) where P F is the Fermi momentum of the quasiquark and ω F ≡ P 2 F + m 2 q . Note that, in the present analysis, I can take P F = µ 2 − m 2 q and ω F = µ.
